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TR BT A T, K 3128 5 i BRAE L SX UK I T BORRIR G R IR 1 /K o3 R K ik
EZIEH Lennard-Jones (1)) W51 3. PN LI W5 | S BERE A — 073 /K MAARIZE A BRAS rhafy
A RE TR . X PR IR OSSR AT LA 2 285 1 REH A TN SR ARK 3 1 IO TR A 1 A A
LY W5 4060555 1 10. 0 kJ/mol ; 55 2 JE45H Hpis N B4R 731 A A 18 10 A0 I, L) 15 380 3
T 4.0 kJ/mol . 38 I A DX A U 2R 1 28454 Hh 7K 231 22 6] A9 SV B AR TS 2 g 72
HP IR > Z [ A SR PR R AN SRRSO ) A AR T ARk, AR IX PR R AL 1Y H B
MERAR T /N EUR BT TR I BIRAE /K 0150 A BT RR -5 2 B A (AR A R 1) ik AR 4
AT XA KB T IR I3 T AR BIRAE I B BEAS PR, 2R B SR Z i 445 K 705 O A A A1
AL REFE A PN A 7L XS SR TR K i1, 15 K A BEFIHT B 9K g0 A4 il i BT AR 3 FE R
Y=y

1 RGAEFEUTT ik

Br— B 0, KR 1.34 nm, B4 0. 81 nm AY armchair % (6,6 ) BLBE QN K B & i
AREIN 4.50 nmx4. 50 nmx4. 50 nm (7K & T, PEAT50F 30 1 2R BERLAc 1 o0 45 R
(1bar=10° Pa) %535 (300 K) , 43 #{# i Parrinello-Rahman JE 3854 77 %! Fl Nose-Hoover Ji&
BEREG 7202 B B8 ] GROMACS 4. 08 BEplrh (i 1] TIP3P AKABTAL KR 1 fs,
0.25 s W —Migicdhs. AN LY L) KRR, b 8 = 0.34 nm, 6., = 0.33 nm,
PHHRE £, =0.36 kl/mol, &, =0.48 kJ/mol . FALPEREREEKE R 0. 14 nm, #EHECH
39396 0 kJ +mol ™" -nm™ 3 AMERIEFZ A 1200, AR H A A E 40k 527 k) cmol ™' K2,
I HBRJF T2 [l A — MRS 1 i 32 AT T 300 ns, i 295 ns B0 HK
ST

SWNT f
AY

oxygen

(a) BHURGRKD T o5 (b) FE& OHEE 2 AR F ISR ER
(a) Schematic of the SWNT and the (b) A typical structure of two water
serial numbers of water molecules molecules near the end of SWNT

B SRS R
Fig. 1 Schematic of the SWNT

N T EFREE SO AR RIK TR 150K 8 NS 1 SAHAR K Fid ol 2
SRS WE 1 (a) R, R T8 B R IR A oK o F AR 5 1], SCEB § A KA —
APARLR B IS b, , TN

¢, = arccos(p,'u/ 1 p; 1),

o R B T R S S A AN p, 25 i KA IS R, W 1 (b) B
IR E KT HIMEM T 17 D, , 25 0° < ¢, < 65°1F,D, = 1;2565° < ¢, < 115° 1} ,D, =0;4
115° < ¢, < 180° I, D, =— 1. 7EE 2 b FAT145HH T D, D, 14 4 R RIS,
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(a)1:D, =D, =1 (b) I:D, =0, D, =1

| | v

(¢) :D, =D, =-1 (d) N.D, =0,D, =-1
B2 4 FARREE D, D, RET KT HILE 7R
Fig.2 Schematic diagram of the water molecule structures in four

states of different D, and D,

E K 1 (a) PRYEARICREEGORBRAT , 18] Hh— 0200 55 s o W s B AT I 1Y 3 4 SRR K 231
A, B (b) TR F I PN K T 2 R s R BT o R SR ARSR AR B A A 11T, T AR SR
TRRAORIRAT B RE /KT sl S AR GOR IR rhith. pe ACZTT I A 1) A SN A Sk p, ARFROK T 1
WAL &, e F1 p, BYFESA.

T — Wi, ol LI E 158 2 S A 7K F B0 1m). 38 i o4 i 22 i 2 [8] 4k
TEWNK TS, 0] LU E KAy TF 4 T4 .
2 RS

1B TR T 9 IR (p) , F¥ R ns #EA(N,,) PRt (N,,) & H
B KA T8, A EIK 2> B HEAG S i (F) FIBAN; 2Z 18N (1 ns) AS[EIK T8 4% HE
A5 RIS TR FEHE (Fep) il F g XN N K i & 0 53 A
BOMKSTEBEZZ(F=N,,~-N,).

E1 RFEEKS FBHATEI T p N, N, F SR S T Bk 5 FAE (Fep)

Tablel p,N,,,N,, ,F and the net number of water molecules flow through

the nanotube end (F+p) in water dipole each state

D, D, p Ny / (4/ns) N;, /(A4>/ns) F Fep
1 1 0.488 487.8 500. 6 -12.8 -6.2
0 1 0.009 1178.4 172.0 1 006.4 9.0
-1 -1 0.495 503.1 522.1 -19 -9.4
0 -1 0.004 1550.8 169.5 1381.3 5.6

TERAU AT 4 K> F WM HEARES, D, =D, =1;D, =0,D, =1;D, =D, =— L fil D, =0;
D, =-1773 1, L, ANV R R CaniEl 2 ). DRSS p | 45T 0.490, HE R3S
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) BMER : py M 0.009,py N 0.497 py 40,004, AR T FERZS T A RS TTFIIV Y
AR AR H /N, A IRZS ANV (2458 5 Fy FIF, A 1001.4 ns™' A1 395.7 ns™ (IEE 2
HFRIK I A ) X PR S E R TORAS T AR MA@ S (F =- 12.6 ns™',
Fy=-19ns"") . BFLA, BAGRIAFEI T | VAR H RS S K 7720 (Fyopy = 9.0 ns™,
Fypy=5.6 nS_l) KREAET 1, MRS S A K 73 5L (Fipy=-6.2 ns”' , Fypy
=-9.4ns7") . D, ,D, A HEHAE RS L] G H B AR 5 /NI 38 i 1 51
PR ARSI (LR SRR AL).

J TR TFAREST VNV INESRBE FRRE, LLE RN EG IR T
1 5K AT RBRAS Z [0 ASF-2 L) M AR RS P, 1 Sk AFR1 2 57K 5T 22 1] AP 349 fL AR
YER#E,, 1 SIKOF R REEGUORERE 1R 4,1 5K 15 2 5K FZ a1
SHKE L, UK 1 SR F R RGBS D RIS S, A LS SRAER 2 thaa .

F2  EARRKKSFEEHAWRLT , Py E,, d,L, S Hfl

Table2 Py ,E,, ,d,L, and S in different water dipole states

D, D, E,, /(kJ/mol) L, /nm d /nm Pyy 7 (kJ/mol) S /nm
1 1 -27.40 0.282 0.062 -36.66 0.139
0 1 -23.61 0.289 0.065 -26.27 0.103

-1 -1 -27.64 0.281 0.062 -34.60 0.133
0 -1 -27.94 0.282 0.063 -30.48 0.089

M2 HIRATATLUE  BEE P L E,, FIKE d, L, EFZARAED, =D, = £1 PEUERA
— AT TRE T RS TP 1 Sk FREEFIEE 2 Sk F I ERFHEIE, i 2(a)
A 2(b) fizs. B RS T HOKSFREAEAERR E,, RE T & T 4 kI/mol, K4rF
Z AR L, KT 0.007 nm . EHEEHK R L, A 51K T2 B 5. BIr L, AR
BT RET P 1 SRS FRBAEHAEEE d BT 0.002 nm, /K5 584 Z R L) AHH
YERI# P, T 10.0 kJ/mol .

[FIRER, LIRS TR IV, R BK o F 2Z B A BEAE R E,, FK A>T 2 800 S
Ly, AR (01 Sk FREMMEE R RSV AT 0.001 nm . ME 2 (c) FIE 2
(d) ATLAG H HEES d B978 Ak A PRFRIR S 1 5 2 Sk arT =2 Al 25 a1 i AE 1k, Rt , A
TARE CRENVH 1 5K F5WER LI # P, & T 4.0 kJ/mol .

MK F PMARFEIK I A GRS, KRR L 2 A S5 KA F 590K Z M 1) L)
W5 | 34T LIAMESRE 43 I Bt 2% . Hummer 55 AR IS0/ N K 0 F 5048 LI AR 3 BIF R
B, K F S B AR L BT RS T IV AR F 50 Z 0 L] # (P,) T Ak
T ARG FAETAIREATR E BRES , 25 2 T B A . AL TARZS IV 7K 3 Lu AL TR T gk 43
TR DGR (HAT /NG S) |, IrLART—FeR A oK 3T 325 5 it Hh 9K

Bt A K 43 B S B R AEGE , TN LI S8 U A = WYl Oy m HES Y, BT LAK 43
T HYEBEEA FPAT T4, P, 7K o> TAREE 5 ST 2 1) 14 SR e 3, (E R AR MR 1 2
ShENTE T BT . 1 Sk ERT 0 D, BT 0 MR AR 1 5K T R Sk
7K 3 IR S, T HL 1 5K o3 e A ( Tk b B O SR IR ) L AR, K
ST ZMIEE ( LHOH =109.5°) , FTUAERET (D, =0, D, =1) H1,D, =0 ffif§ 1 Sk
52 ST ZRMEEI K RSN (D, =0, D, =-1) #1,D, =0 i1 Sk 1525
KA FZ M SRRy ). BT RSO T R RE B, Py FIEEES d, L, A RFREUE.

B2 FUR/RE L ANRE S A MRS IR SEBR G B2 24 18 00, UREHE B FRATTREAF 2 Fike 7™ A AN )
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A RS 9 JE DR A TR R L T S K 1, IR

3 & 2
TEBFSE KA T3k B REG KBRAE O o R P R B, 400 T4 LUK 4 T (15 ) (b e 1

TR I 75 5 U B0, S RICIR A5 60 3 T 26 4 4 30K TG A S M S R 5 MR MK /K 43 T 5 B 5 )
Lennard-Jones W31 38 7255 1 Fhs# 4 9 AR IO K40 F (2 B) B8 M5 40 1 Bk o F
RO 7 T (75 1 51 2 5 2 AN KA H U TR T, 51 2 Ak A 2 A 1 S b
YOI, ST ASK S T-RR I RS G RERS 2 B85 L) SR M (0 55 7648 2 Rk 2 57k 4y
FABHAG RSP, 1 Bk AT S 1 50 2 5K 4 22 1 B Ay 1o s, kT 2 A
AP FER I A AT BERS 3 RS L ST 3 B 2 PRt K 2 T IO RE BED T i35 (55 1 P
R ) , A TR R HOOIR S, 78 50 W0 L A BB, 5K T 2K Pk 65 11 o BABE SR o
I AR B AT S B 7K 4T 10 Tk 15 3 5 10 {0 W A 45 50 10 TR I 3 B2 9L Gong 8 A
TEK A FEA I i A KBRS OB PPt R B T IR O T AR ) ] 2 30 1 R o A
AL T DA SRR P K 7 L. T L 7K 430 T 0 R A A T LA 8 B B P F
%ﬁ%”,TTU£mﬁmm$Em%mJﬁi%ﬁ?ﬁ“? R A 1 S P L2
A LS 3o B TR P — 7K 1 O 0 A K s P 7K 3 3.

Bgt  FRA AR BT A A2 P XA TAR YA a5 DO HE.
MR
£ AL ARG TG p N, . N, F RURLZ ST TH9K S THE (Fep)

Table Al p, N,,., N,,, F and the net number of water molecules flow through the nanotube end (F+p) in each state

D, D, P Ny / (1/ns) Ny 7/ (A/ns) F Fp
1 1 0.487 6 487.8 500. 6 -12.8 -6.2
1 0 0.001 9 604.8 437.1 167.7 0.3
1 -1 0.000 0 0 0 0 0
0 1 0.009 3 1178.4 172.8 1 006. 4 9.4
0 0 0.000 3 892.7 192.1 700. 6 0.2
0 -1 0.004 0 1550.8 169.5 1381.3 5.6

-1 1 0.000 2 576.3 457.6 118.7 0.0

-1 0 0.002 0 555.9 420.3 135.6 0.3

-1 -1 0.494 8 503.1 522.1 -19 -9.4
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Water Molecules Exiting a Carbon Nanotube Driven
by Special Water Dipole Orientations

QI Wen-peng'®’, TU Yu-song’, WAN Rong-zheng’, FANG Hai-ping'~
(1. Department of Physics, Shandong University, Jinan 250100, P. R. China;
2. Institute of Systems Biology, Shanghai University, Shanghai 200444, P. R. China;
3. Shanghai Institute of Applied Physics, Chinese Academy of Sciences,
Shanghai 201800, P. R. China ;)

Abstract. One-dimensional ordered water molecules entering and exiting a carbon nanotube
with appropriate radius were studied by molecular dynamics simulations. It was found that a
water molecule near the nanotube end was more likely to be expelled from the nanotube if its
dipole was almost aligned perpendicular to the nanotube axis. The key to this observation is
that those water molecules are closer to the wall of nanotube away from the equilibrium posi-
tion of Lennar-Jones potential, so that the interaction energy for those water molecules is rela-
tively high. There are two particular structures of the perpendicular water depending on the di-
pole direction of the adjacent water molecule in the nanotube. Although the probabilities of
these structures are quite small, their contributions to the net flux across the nanotube end are
approximately equal to the predominant structures. The findings show the possibility of control-
ling the water flow by regulating the dipole directions of water molecules inside the nanochan-

nels.

Key words: water; carbon nanotube; single-file water chain; Lennard-Jones (LJ) interaction



